Dietary fish oil containing ω3 fatty acids, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), elicit cardioprotective and anti-inflammatory effects through unresolved mechanisms that may involve competition and inhibition at multiple levels. Here, we report the effects of arachidonic acid (AA), EPA, and DHA supplementation on membrane incorporation, phospholipase A 2 catalyzed release, and eicosanoid production in RAW264.7 macrophages. Using a targeted lipidomics approach, we observed that Toll-like receptor 4 and purinergic receptor activation of supplemented cells leads to the release of 22-carbon fatty acids that potently inhibit cyclooxygenase pathways. This inhibition was able to shunt metabolism of AA to lipoxygenase pathways, augmenting leukotriene and other lipoxygenase mediator synthesis. In resident peritoneal macrophages, docosapentaenoic acid (DPA) was responsible for cyclooxygenase inhibition after EPA supplementation, offering fresh insights into how EPA exerts anti-inflammatory effects indirectly through elongation to 22-carbon DPA.
A mechanistic understanding of the therapeutic benefits associated with fish oil ω3 fatty acid supplementation has been sought since the 1950s, when cod liver oil was found to be beneficial in treating eczema, hypercholesterolemia, and arthritis. In the 1980s, epidemiological studies showed that Greenland Eskimos have lower mortality rates than mainland Danes, which correlated with an increased intake of polyunsaturated fatty acids (PUFA) vs. saturated fatty acids, as well as higher ω3 PUFAs vs. ω6 PUFAs (1). This result was attributed to the Eskimo diet, which largely consists of seal and fish from marine sources rather than food from mainland sources. Subsequent human trials showed that ω3 PUFA supplementation resulted in lower mortality rates and lower incidence of major coronary events in subjects with heart disease (2) .
Further studies have established that ω3 PUFA supplementation can decrease the ratio of ω6 arachidonic acid (AA)/ω3 PUFAs in membrane phospholipids (3, 4) , where AA is the most common highly unsaturated fatty acid in North Americans and Western Europeans. Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are widely accepted as the key ω3 PUFAs that elicit therapeutic effects because they are found in fish oil and can additionally be formed in humans via elongation of α-linolenic acid, the essential ω3 fatty acid. It is now widely accepted that fish oil diets are cardioprotective, as well as antiinflammatory and anticarcinogenic.
There is great current interest and focus on elucidating the metabolic changes that result from increased ω3 PUFAs. AA is a C20:4 fatty acid that is mostly esterified at the sn-2 position of membrane phospholipids in resting cells, but can be released by phospholipase A 2 (PLA 2 ) (5, 6) after various stimuli. As a free fatty acid, AA can be oxygenated by cyclooxygenases (COX), lipoxygenases (LOX), and cytrochrome P450 enzymes, and further by a host of downstream enzymes in each pathway to form a wide spectrum of unique lipid mediators (7), generally referred to as eicosanoids. Many of these metabolites are bioactive and can signal through their own natural receptors to evoke a wide variety of physiological changes. Eicosanoids play major roles in initiating the innate immune response and promoting the resolution of inflammation.
Biochemical characterizations of EPA and DHA have generally suggested that these fatty acids are less prone to metabolism by eicosanoid pathway enzymes, and that ω3 eicosanoids generally elicit lower activation responses of receptors than AA eicosanoids (8) . In addition, their increased presence through supplementation presents the potential to compete for, and inhibit AA eicosanoid production and receptor stimulation, particularly in the COX pathway (8, 9) . Although DHA is generally considered to be cardioprotective after membrane incorporation via mechanisms that improve receptor and ion channel function, EPA can also be metabolized to resolvin E1, which has recently been demonstrated to have potent cardioprotective action (10) .
Herein, we report a complete lipidomic characterization of the effects of AA, EPA, and DHA supplementation on membrane phospholipid PUFA composition and subsequent PUFA release and eicosanoid production in RAW264.7 macrophages after short-(purinergic) and long-term (Toll-like receptor 4, TLR4) inflammatory stimulations. Using a combination of GC-MS and LC-MS/MS analysis (11), we have been able to accurately quantify PUFA phospholipid incorporation and release and relate this to the quantities and identities of nearly all AA-derived eicosanoids and key EPA-and DHA-derived eicosanoids produced.
Unexpectedly, we found that both supplementation and elongation dramatically affected the quantity and specificity of eicosanoid production. We were able to demonstrate that both ω3-and ω6-supplemented 22-carbon fatty acids have differential inhibitory properties on COX-1 and COX-2 metabolism that increased with additional double bonds, and that docosapentaenoic acid (DPA), which is elongated from EPA, is likely a major source of inhibition.
Results
Effects of PUFA Supplementation on Membrane Composition. Fatty acid analysis of cell membranes after saponification was carried out to determine the total levels of AA, EPA, and DHA incorporated after 24 h of supplementation. We had previously observed the formation of adrenic acid (AdA) as well as dihomoprostaglandins derived from AdA after supplementing RAW cells with AA (12); thus, we also monitored possible 2-carbon elongation products of AA, EPA, and DHA using GC/MS methodology.
AA supplementation increased AA in membranes nearly twofold, and increased AdA ∼fourfold relative to control (nonsupplemented) cells, as shown in Fig. 1A . EPA supplementation resulted in a roughly 10-fold increase in membrane EPA relative to control, and a roughly threefold increase in DPA. DHA supplementation increased membrane DHA levels nearly fourfold relative to control and elevated 24:6 (THA) levels (Fig. 1B) by more than fivefold. The overall profiles of AA, EPA, and DHA in phospholipids of control, EPA-, and DHA-supplemented cells closely resembled those of human serum phospholipids before and after EPA and DHA supplementation (4) .
In AA-supplemented cells, membrane-incorporated AA significantly increased and, although somewhat unexpectedly, AdA increased by about the same amount as AA, likely via rapid 2-carbon elongation of AA (Fig. 1A) . EPA was similarly elongated to DPA in EPA-supplemented cells. DHA appears to be elongated after supplementation (Fig. 1B) but was present at much lower levels than AdA and DPA. AA and EPA were further elongated to 24-carbon PUFAs, but only to a small extent; thus, elongation to 22-carbons was essentially the limit.
Analysis of cell membrane composition established that supplemented ω3 PUFAs and their elongated analogs could be incorporated into membrane phospholipids, presumably at the sn-2 position, at a significant level consistent with traditional phospholipid remodeling (13) . The compositional analysis above suggests that the increased quantity of AA in AA-enriched cells is roughly equal to half of the increased amount of EPA + DPA in EPA-enriched cells, and ∼equal to that of DHA in DHA-enriched cells. In control cells, AA is at a ∼10:1 excess over EPA and ∼3:1 excess over DHA. Interestingly, AA supplementation caused a reduction in the AA/AdA ratio from 5:1 in control cells to 2:1.
Analysis of PUFA Release After Supplementation. AA-, EPA-, or DHA-supplemented RAW cells were stimulated for 2 h with the TLR4 agonist Kdo 2 -Lipid A (KLA) and the media were analyzed by GC-MS to determine if the dramatic elevations in membrane PUFAs would lead to significantly higher release by Group IVA cytosolic PLA 2 (cPLA 2 ), and if there is a competition for the fatty acids at the sn-2 position of the membrane phospholipids.
All of the supplemented and further elongated PUFAs increased in membrane phospholipids were also significantly increased in media with KLA stimulation (Fig. 1C) . Further elongated PUFAs (24:4, 24:5, and 24:6) that increased in phospholipids also increased in media, but were quantitatively insignificant (Fig. 1D) .
Supplemented cells were subjected to TLR4 stimulation with KLA over 24 h and to purinergic stimulation with 2 mM ATP over 1 h. PUFAs and eicosanoids in cell media were analyzed by LC-MS/MS. With TLR4 stimulation, supplemented PUFAs were increased significantly relative to control and peaked by 2 h with AA and EPA, and by 4 h with DHA supplementation ( Fig. 2A) . Without stimulation, only EPA and DHA were significantly released from supplemented cells, likely through turnover, indicating that cPLA 2 mostly released AA with TLR4 stimulation (Fig. S1A) . However, stimulation caused EPA and DHA to more rapidly diminish from the media than without stimulation, which likely resulted from more rapid reincorporation because of stimulation and dramatic release of AA. Most importantly, TLR4 stimulation resulted in peak PUFA release before the majority of eicosanoids are formed in the delayed phase; perhaps other PLA 2 s, such as sPLA 2 , play a role in this stimulation (see Discussion).
ATP activates P2X receptor cation channels, producing sustained increases in intracellular Ca 2+ leading to translocation of cPLA 2 to cell membranes. Of all purinergic receptors (P2X and P2Y), only P2X 7 requires 2 mM ATP for activation (14, 15) . This receptor is expressed and functional in RAW cells, and is reported to be the receptor responsible for the majority of AA release after millimolar ATP stimulation in murine macrophages (16) . PUFA release and eicosanoid production in this setting is rapid and takes 10-30 min for product formation to peak, but TLR4 activation requires several hours for COX-2 induction and subsequent eicosanoid production.
After purinergic stimulation, supplemented PUFAs were again significantly increased relative to control ( then subjected them to TLR4 or P2X 7 stimulation, or both (Fig.  S2) , and found that cPLA 2 hydrolysis of DHA was dependent on P2X 7 , but not TLR4 stimulation. Interestingly, TLR4 priming and subsequent stimulation of P2X 7 led to synergistic release of DHA, which we have previously demonstrated with AA (17) .
Effects of PUFA Supplementation on TLR4-Stimulated Eicosanoid
Metabolism. Using KLA stimulation, we previously observed up-regulation of COX-2 and microsomal prostaglandin E2 synthase-1 (mPGES-1) in RAW cells, as well as production of ∼10-fold higher levels of PGD 2 vs. PGE 2 , which was proportional to the mRNA levels of mPGES-1 and hematopoietic prostaglandin D synthase (H-PGDS) (18) . Because TLR4 stimulation does not lead to changes in intracellular Ca 2+ levels, 5-LOX is not activated, thus 5-hydroxyeicosatetraenoic acid (HETE) and leukotriene production in RAW cells have not been observed (17, 18) . We also have not detected prostaglandin I2 synthase (PGIS) mRNA or the breakdown product of PGI 2 (6-keto-PGF 1a ), and virtually no thromboxane synthase (TBXAS) mRNA or the breakdown product of TxA 2 (TxB 2 ) (18). The effects of PUFA supplementation were also assessed by monitoring the COX side product 11-HETE as an indicator of COX activity (17, 18) .
AA supplemented vs. control cells yielded little difference in eicosanoid levels throughout the 24-h time course (Fig. S3A) . Interestingly, this was true for AA COX-derived PGE 2 , PGD 2 , and 11-HETE, which were actually ∼10% lower in AA-supplemented cells vs. control cells (Fig. 3A) . We reasoned that the slightly lower level of AA-derived prostanoids was a result of the increased release of AdA in AA-supplemented cells. AdA-derived dihomo-prostaglandins were in fact the only eicosanoids increased in the COX pathway. The level of dihomo-PGs based on dihomo-PGF 2a (the only available quantitative standard) was less than 1% of total AA-derived prostanoids (Fig. S4A) .
EPA-supplemented cells produced lower levels of AA-derived COX metabolites and higher levels of EPA-derived COX metabolites PGD 3 and PGE 3 (Fig. S3A) . AA COX metabolites were reduced ∼20% (Fig. 3A) . PGD 3 was the predominant EPAderived metabolite produced in EPA-supplemented cells and was about threefold higher than in control cells; however, EPA COX metabolites were 100-fold lower than AA prostanoids. H-PGDS and mPGES-1 have about 17% and 30% activity with PGH 3 vs. PGH 2 (8, (19) (20) (21) (22) , respectively.
DHA supplementation overall reduced AA-derived COX metabolites to a greater extent than EPA-supplemented cells (Fig. S3A) and were ∼40% lower than in control cells (Fig. 3A) . The DHA-derived COX side product, 13-hydroxy DHA (HDoHE), was ∼40% higher than in control cells (Fig. S4B) ; however, the absolute level was ∼100-fold lower than 11-HETE; thus, PGH 4 is likely produced at a very low level compared with PGH 2 . Furthermore, COX-2 expression was not reduced in any supplemented cells relative to control (Fig. 3A , Upper Right). 
Effects of PUFA Supplementation on Purinergic-Stimulated Eicosanoid
Metabolism. We have previously observed eicosanoid production in RAW cells after P2X 7 stimulation and have identified increases in COX and 5-LOX pathway eicosanoids (17) . In this intracellular Ca 2+ mobilizing condition, 5-LOX is translocated to the membrane and can act on released PUFAs with the assistance of 5-LOX activating protein (23), concomitantly with constitutive COX-1. In this scenario, the effects of PUFA supplementation on multiple, simultaneously active eicosanoid pathways can be observed.
Eicosanoid production in AA supplemented cells differed substantially from that of control cells after purinergic stimulation (Fig. S3B) . AA prostanoids slightly increased, AdA dihomo-PGs increased to a greater extent, and 5-LOX metabolites also increased relative to control. Prostanoid production was nearly twofold higher than in control cells from 15 to 30 min (Fig. 3B ). This result shows that COX-1 is not rate-limiting with purinergic stimulation, unlike COX-2 in long-term TLR4 stimulation. Dihomo-PGD 2 was the only AdA prostanoid detected in all four cell conditions and was at least threefold higher than in control (Fig. S5A ). Relative to PGD 2 , dihomo-PGD 2 was 100-fold lower in abundance (Fig. S5 A and B) , thus COX-1 AdA metabolism was minimal.
In the 5-LOX pathway, 5-HETE and leukotriene A 4 (LTA 4 ) are formed before further metabolism by downstream enzymes. Although LTA 4 was not monitored because of rapid nonenzymatic breakdown or enzymatic conversion, LTC 4 and 5-HETE were robustly increased in AA supplemented cells to ∼fivefold higher levels than in control cells (Fig. 3B) . Overall, 5-LOX AA metabolites increased more than COX metabolites with purinergic stimulation.
EPA supplementation decreased AA-derived COX metabolite production vs. control cells with purinergic stimulation (Fig.  S3B) , but EPA metabolites, PGD 3 and PGE 3 , were increased over fourfold vs. control cells. COX metabolites were ∼50% lower than in control cells (Fig. 3B) , and PGD 3 was ∼30-fold lower than PGD 2 . 5-LOX AA metabolites were increased at a level proportional to the decreased COX-1 metabolites, suggesting a shunting effect caused by selective inhibition by EPA. The EPA version of 5-HETE, 5-HEPE, was dramatically increased in EPA-supplemented cells and was produced at a comparable level to 5-HETE.
DHA supplementation decreased AA prostanoid levels vs. control to a greater extent than EPA supplementation and also increased 5-LOX metabolite production (Fig. S3B) . COX-dependent AA metabolites were reduced by ∼90% relative to control cells (Fig. 3B ) and 13-HDoHE was not detected, suggesting that DHA was not significantly metabolized by COX-1 but greatly inhibited AA metabolism. 5-HETE and LTC 4 were increased to similar levels as in EPA-supplemented cells. DHA can be converted by 5-LOX to 4-HDoHE and 7-HDoHE. These metabolites were only detected in DHA-supplemented cells (Fig. S5 C and D) , and at a combined level ∼fourfold lower than 5-HETE in control cells (Fig. 3B) . This finding suggests DHA can be metabolized by 5-LOX to a much greater extent than by COX-1 or COX-2 because DHA release was ∼twofold lower than AA release with DHA supplementation (Fig. 2B) . Importantly, standards for the cysteinyl leukotrienes that would be formed from EPA, DHA, DPA, and AdA are not presently available, so they cannot be quantified; thus, the full extent of metabolism of these substrates by the 5-LOX pathway cannot be ascertained.
Effects of 22-Carbon Fatty Acid Supplementation on Eicosanoid
Metabolism. RAW cells were supplemented with 25 μM AdA, DPA, or DHA to compare the degree of inhibition of COX AA metabolism after purinergic and TLR4 stimulation. Similar increases in each PUFA were observed in phospholipids with only minor conversion to 20-carbon PUFAs (Fig. 4A) . This process allowed us to more clearly compare the inhibitory effects of 22-carbon PUFAs that were obscured in the previous experiments.
After 15 min of ATP stimulation, 11-HETE and PGD 2 levels measured from the media were decreased by ∼60%, 80%, and 90% with AdA, DPA, and DHA supplementation vs. control cells, respectively (Fig. 4B) . After 6-h KLA stimulation, levels of 11-HETE and PGD 2 were reduced by ∼20%, 30%, and 40% with AdA, DPA, and DHA supplementation, respectively (Fig.  4C) . Thus, AA COX inhibition increased as the number of double bonds of the supplemented 22-carbon PUFA increased.
We then determined that supplementation with 10 vs. 25 μM EPA led to similar increases in EPA and DPA in phospholipids, inhibition of P2X 7 -stimulated AA prostanoids, and increased AA 5-LOX metabolites (Fig. S6) . Nonesterified levels of ω3 PUFAs as high as 12.5 μM have been observed in human serum after 1.5 g/d supplementation (24) . Finally, when murine resident peritoneal macrophages (RPM) were supplemented with 10 μM EPA, ∼75% of the increased EPA in phospholipids was in the elongated form, DPA. Ultimately, DPA was the only PUFA released at a comparable level to AA for competition after P2X 7 stimulation, and COX AA eicosanoids were reduced after P2X 7 and TLR4 stimulation similar to RAW cells ( Fig. 3 and Fig. S7 ). The overall summary of our findings on PUFA supplementation effects is illustrated in Fig. 5 .
Discussion
Fatty Acid Elongation and Membrane Incorporation. Free fatty acids are toxic to cells at high levels and are normally esterified within phospholipids. Turnover and incorporation of PUFAs in resting macrophages has been shown to be highly dependent on the constitutively expressed Ca 2+ -independent iPLA 2 by hydrolyzing fatty acids at the sn-2 position of phospholipids to generate lysophospholipids, allowing PUFA esterification by a CoA-dependent acyltransferase (25) . Supplementation with AA, EPA, and DHA led to dramatic elevations in the levels of the respective PUFAs incorporated in phospholipids, and the levels of other PUFAs in each condition were nonspecifically lowered as much as ∼50% relative to control nonsupplemented cells ( Fig. 1  A and B) . We anticipated that PUFA supplementation would increase levels of elongated PUFAs in phospholipids based on the observation by Rouzer et al. (26) , along with our previous finding that AA supplementation results in de novo elongation of AA to AdA and subsequent dihomo-prostaglandin formation (12), but were surprised that about half of the AA and EPA were elongated. At least part of the elongation of AA and EPA in RAW cells is presumably attributed to elongase of very long-chain fatty acids (ELOVL)2 because this enzyme elongates saturated and unsaturated fatty acids between 18 and 22 carbons, and because ELOVL5 does not appear to elongate the 22-carbon fatty acids (27, 28) that we observed in Fig. 1B . Elongation in other cell types, including other macrophages, as we observed with RPM, likely varies and is important to consider during supplementation studies.
PLA 2 Activity on Different Membrane PUFA Compositions. With P2X 7 stimulation, cPLA 2 is translocated to the membrane in a Ca 2+ -dependent manor, where AA and EPA appear to be equally good substrates, and DHA is essentially not released after activation (29, 30) . Our results with purinergic stimulation were consistent with these observations, although DHA release was significant when dramatically increased in phospholipids, as was DPA.
With long-term TLR4 stimulation, we observed overall higher levels of PUFA release ( Fig. 2A) than with P2X 7 stimulation (Fig. 2B) . In this setting, cPLA 2 is translocated to the membrane in a Ca 2+ -independent fashion by increased membrane affinity and enhanced specific activity that has been linked to generation of PIP 2 and conformational changes (5, (31) (32) (33) , as well as generation of C1P (34) , ceramide (35) , and diacylglycerol (36) . Additionally, sPLA 2 is reported to significantly contribute to prostaglandin production during late-phase activation, but not during 10-min calcium ionophore-induced metabolism (37). Our results suggest that non-AA PUFAs are not significantly released by cPLA 2 activated via TLR4, but can affect delayed-phase eicosanoid production possibly through hydrolysis by sPLA 2 , which has much less PUFA specificity.
Inhibition of COX-1 and COX-2. In numerous cell types, COX-2 is up-regulated after stimulation by IL-1, TNF-α, LPS, and other inflammatory stimuli. We have previously observed that various macrophage phenotypes induce COX-2 to different levels, dictating the amount of total COX metabolites produced in latephase TLR4 stimulation (18) . Here, we found that increased AA release after AA supplementation does not increase COX metabolite levels during TLR4 stimulation as further evidence that COX-2 is rate-limiting in macrophages ( Figs. 2A and 3A) .
EPA has been shown in vitro to inhibit COX-1 more than COX-2 (8). However, DPA was the predominant PUFA increased in RPM cells (Fig. S7 A and B) after EPA supplementation and appears to be the primary inhibiting PUFA. In fact, DPA is reported to be a more potent COX-1 inhibitor than EPA (38) . DPA-derived, resolvin-like anti-inflammatory molecules have also been recently identified (39) .
DHA is known to be a potent inhibitor of AA prostaglandin production (9). Here, we were able to confirm this in immune cells during acute inflammatory activations, and show that DHA is a more effective COX inhibitor than other 22-carbon PUFAs when supplemented.
Greater inhibition of COX-1 vs. COX-2 with ω3 PUFA supplementation is consistent with decreased platelet aggregation and longer bleeding times in Eskimos and other groups on high marine-fish diets (9, 40) . Our data suggest that these effects may be because of highly decreased COX-1-derived TxA 2 and PGH 2 by platelets, but endothelial PGI 2 coupled with COX-2 would be inhibited to a significantly lesser extent to shift the vascular eicosanoid balance toward antiplatelet aggregation. The levels of ω3 prostanoids generated in our study paled in comparison with even the inhibited levels of AA after supplementation, meaning prostanoid receptor competition with ω3 metabolites would be minimal.
AA, EPA, and DHA Supplementation Shift AA Metabolism to Higher 5-LOX vs. COX-1. We have previously observed a preferential increase in 5-LOX vs. COX-1 AA metabolites when RAW cells were primed with TLR4 stimulation and subsequent P2X 7 stimulation that was independent of protein synthesis (17) . In this same study, AA was synergistically increased along with AA 5-LOX metabolites but not COX-1 metabolites. Here, we further probed these pathways using supplementation and confirmed that increased AA release (Fig. 2B ) more significantly enhances 5-LOX metabolism (Fig. 3B) , even without priming. In addition, DHA can be synergistically activated (Fig. S2) , thus the dual activation of different binding modes of cPLA 2 appears to increase activity without great specificity.
In contrast to the inhibitory nature of DHA toward COX AA activity, 5-LOX AA metabolism was previously found to be minimally inhibited by DHA using enzyme derived from RBL-1 cells (9) . This presents a potential shunting scenario which we were able to observe. Interestingly AA, EPA, and DHA supplementations can boost 5-LOX/COX-1 AA metabolite ratios using different mechanisms. In activated macrophages, there is a significant capacity for metabolism of EPA and DHA through 5-LOX, which helps to explain how resolvins can form in vivo (41) . In theory, these effects by ω3 PUFAs would not reduce LTB 4 , allowing sufficient neutrophil recruitment and potential generation of proresolving lipoxins and resolvins through LOX pathways. However, fish oil supplementation should be carefully considered with additional COX inhibitor therapies because this shunting effect could augment production of the cysteinyl leukotrienes. Ultimately, fish oil could exacerbate aspirin-induced asthma. 5 . Global effects of PUFA supplementation on cellular eicosanoid metabolism. RAW cells were incubated without supplemental PUFAs (Control), or with 25 μM AA, EPA, or DHA. Subsequent increases (relative to control) of PUFAs in membrane phospholipids, released fatty acids, and eicosanoids after TLR4 (100 ng/mL KLA) or P2X 7 (2 mM ATP) receptor stimulation are indicated in red; unchanged PUFA/eicosanoid levels relative to control in blue; decreases in green. Presence of PUFA species in addition to AA in phospholipids indicate levels higher than 50% of control AA levels; additional released PUFA species by PLA 2 indicate levels were significantly higher than in controls and were within an order of magnitude of the control level of AA released; eicosanoid species in red and green indicate sustained increases or decreases of at least 20% relative to control (in the majority of time points). Abbreviations: LT 4 , 4-series leukotrienes; 4/7-HDoHE = 4-hydroxy DHA and 7-hydroxy DHA; PG 2 , 2-series prostaglandins; PG 3 , 3-series prostaglandins.
Importance of Considering DHA and DPA in Understanding ω3
Metabolism. AA and EPA are indeed hydrolyzed by cPLA 2 preferentially vs. DHA, although DHA can still be significantly released. Other 22-carbon PUFAs can also be significantly released and can dramatically affect eicosanoid signaling. This finding is important because DHA was previously assumed to be minimally released, downplaying its significance, so that EPA has been more thoroughly examined in vitro (8) . Finally, we demonstrated that even without supplementation of AdA and DPA, these 22-carbon PUFAs can be significantly increased in membrane phospholipids with AA and EPA supplementation via rapid elongation, and can lead to COX inhibition. EPA and DHA are the two common PUFAs available as therapeutic supplements, although DPA may be partly responsible for antiinflammatory effects that have likely been overlooked. Considering that 5-LOX is synergistically activated via priming and can metabolize ω3 and ω6 PUFAs to similar extents, discovery of DPA-derived metabolites formed via 5-LOX pathways constitutes an important additional consideration in understanding ω3 PUFA metabolism and fish oil supplementation.
Materials and Methods
RAW264.7 cells were cultured in DMEM media supplemented with 10% FBS and 100 units/mL penicillin/streptomycin at 37°C in a humidified 5% CO 2 atmosphere. Cells were plated in six-well culture plates with 2.0 mL of media with 10% (vol/vol) FBS (5 × 10 5 cells per well) and allowed to adhere for 24 h in the presence of 25 μM AA, EPA, DHA, AdA, DPA, or no supplement (control). Media were aspirated and cells were washed twice with media, and 1.0 mL of media was added to each well and incubated for 1 h. Then, 1.0 mL of 2× KLA (200 ng/mL) or ATP (4 mM) medium was added, bringing the total volume to 2.0 mL and 1× concentration of stimulant. Media during stimulation contained 10% FBS for the 24-h KLA time course and were serum-free for the 1 h ATP time course. Detailed protocols for eicosanoid, PUFA, and COX-2 protein analysis are described in SI Materials and Methods.
